The origin of mafic enclaves in granites can provide significant information on granite petrogenesis. A combined petrology and geochemistry study was carried out on biotite-rich enclaves and their host S-type granites from the Jiuling batholith in South China. The results demonstrate that the biotite-rich enclaves were formed by back-reaction of peritectic garnet with the granitic melt at a late stage of magma crystallization. The enclaves are fine-grained and contain more biotite and less K-feldspar than the host granites. Garnet debris occurs in some biotite aggregates. Petrographic observations show the occurrence of biotite rims on garnet fragments and the embayment of biotite and quartz into garnet, suggesting that some biotites are formed by consumption of garnet. These metasomatic biotites are characterized by higher Mg# [¼ Mg/(Mg þ Fe), molar], lower K 2 O and TiO 2 contents, lower (La/Yb) N and (Gd/Yb) N ratios and distinct negative Eu anomalies. Some biotites in the enclaves exhibit similar geochemical characteristics to these metasomatic biotites. The biotites in the enclaves contain no K-feldspar inclusions and more plagioclase inclusions than those in the host granites. Furthermore, these enclaves have indistinguishable whole-rock Sr-Nd-Hf-O isotope and consistent zircon U-Pb ages and similar zircon Hf-O isotope compositions to the host granites. Hence, we propose that the biotite-rich enclaves were formed by back-reaction of peritectic garnet aggregates with the host granitic melt at an increased water fugacity in the granitic magma. Thermodynamic modeling indicates that the quantity of directly crystallized biotite is low (<5%). Therefore, it is inferred that most of the biotites in the S-type granites were formed by back-reaction of peritectic garnet entrained from the source.
INTRODUCTION
Mafic enclaves are common in S-type granites, especially in relatively more mafic ones (e.g. Chappell & Wyborn, 2012) . They provide valuable petrogenetic information about the nature of the source of the granites and magmatic processes, which are not readily apparent from the granites themselves (e.g. Didier, 1973 Didier, , 1987 Barbarin & Didier, 1991; Chappell & White, 1991; Maas et al., 1997; Barbarin, 2005; Donaire et al., 2005; Pascual et al., 2008; Farner et al., 2014) . Mafic enclaves in peraluminous granites are usually fine-grained and more mafic than the host granite, although they usually have similar mineral assemblages (biotite, plagioclase and quartz, with or without K-feldspar; minor garnet, orthopyroxene and cordierite). Mafic enclaves usually have identical emplacement ages to the host granites. However, they show a large variation not only in mineral assemblage and modal proportions but also in geochemistry. This leads to different petrogenetic interpretations of field-based observations. In summary, there are three schools of viewpoints on their petrogenesis.
The first school proposes that mafic enclaves represent the unmelted remnants of the partially melted source rocks (e.g. Chappell et al., 1987; Chen et al., 1989; Chappell & White, 1991; White et al., 1999; Chappell & Wyborn, 2012; Wyborn, 2013 ). This residue model gains support from the complementary relationship in composition between the enclaves and their host granites, the metamorphic texture of the enclaves and the presence of residual minerals such as calcic plagioclase, plagioclase cores with very high An contents, magnesium cordierite, and orthopyroxene enclosed in biotite (Chappell et al., 1987; White et al., 1999) . The second school advocates that the mafic enclaves represent batches of a mafic magma that have been mixed with a felsic magma (e.g. Reid et al., 1983; Elburg & Nicholls, 1995; Maas et al., 1997; Collins et al., 2000; Barbarin, 2005; Yang et al., 2007; Chen et al., 2009; Vernon, 2014) . The mixing model can explain the igneous texture (e.g. pseudo-doleritic texture), linear bulk composition relationship and the different isotope compositions between the enclaves and the host granites. The third school suggests that the mafic enclaves may be cumulate crystals formed at an earlier stage in the host granitic magma system (e.g. Tindle & Pearce, 1983; Clemens & Wall, 1984; Dodge & Kistler, 1990; Donaire et al., 2005; Collins et al., 2006; Huang et al., 2014; Chen et al., 2015; Moita et al., 2015) . The main lines of evidence for the cumulate model are similar mineral compositions, identical formation ages, and similar isotope compositions.
All three schools of thought have succeeded in some case studies, but none of them is universally applicable to the petrogenesis of mafic enclaves in granites. It seems that the origin of mafic enclaves in granites is variable, just like the famous statement 'there are granites and granites' by H. Read. To provide insights into the petrogenesis of mafic enclaves, we performed a combined petrological and geochemical study on biotite-rich enclaves and their host S-type granites from the Jiuling batholith in South China. The results demonstrate that the mafic enclaves can be formed by backreaction of peritectic garnet with the host granitic melt during magma emplacement. This increases our understanding of the origin of mafic enclaves in granites as well as the geochemical diversity of S-type granites.
GEOLOGICAL SETTING
The Jiuling batholith in South China consists mainly of S-type granitoids of Neoproterozoic age (Fig. 1) . It is part of the Jiangnan orogen between the Yangtze Craton in the NW and the Cathaysia Block in the SE (Li et al., 2009; Zhang & Zheng, 2013; Zheng et al., 2013) . The Jiangnan orogen is mainly composed of Neoproterozoic metasedimentary and magmatic rocks (e.g. Zhao & Cawood, 2012; Wang et al., 2013; Zhang & Zheng, 2013) . The metasedimentary sequences are structurally divided into a folded basement and an overlying cover with an unconformity between them. The magmatic rocks include a small number of maficultramafic plutons, tholeiitic basalts and voluminous peraluminous granitoid plutons (e.g. Wang & Li, 2003; Zhang & Zheng, 2013) . The peraluminous granitoid plutons are mainly Neoproterozoic intrusions such as Bendong, Sanfang and Yuanbaoshan in the southwestern part and Jiuling, Xucun, Shexian and Xiuning plutons in the northeastern part Wu et al., 2006; Zheng et al., 2007; Zhao et al., 2013) . Among them, the Jiuling batholith is the largest with an outcrop area of about 2500 km 2 (Fig. 1b) . The Jiuling batholith is geographically located in northern Jiangxi Province. It intruded into the Shuangqiaoshan Group metasediments, which experienced significant deformation and greenschist-facies metamorphism. The Shuangqiaoshan Group is composed of sandstone, siltstone, pelitic siltstone, slate and less amounts of volcanic rocks. The Jiuling batholith is unconformably covered by the Neoproterozoic Dengshan Group, which is mainly composed of sandstone, slate, conglomerate, pelite and lesser carbonate, spilite and volcanoclastic rocks (e.g. Wang et al., 2007) .
This study focuses on mafic enclaves and their host granites at Aozicun in the southeastern part of the Jiuling batholith (Fig. 1c) . Our samples were collected from a small quarry (28Á651 N, 115Á330 W) where there are abundant fresh enclaves hosted by medium to coarse biotite granite. Aggregates of quartz (1-2 cm) and biotite ($2 mm) can be observed in the field and in hand specimen. Most of the mafic enclaves occur as ellipsoids (Fig. 2a, b and d) and some of them are irregular polygons ( Fig. 2b and c) . All the enclaves are rich in biotite. They are fine-grained, dark gray in color, and range in size from less than 1 cm to tens of centimeters in the longest dimension. Most enclaves are several centimeters in size, whereas those smaller than 1 cm and larger than 20 cm are rare. In the transitional zone between some of the large enclaves and the host granites there are biotites coarser than those in the interior of the enclaves (Fig. 2a) . Five host granites and three mafic enclaves were analyzed in this study.
ANALYTICAL METHODS
Before handling the enclaves were isolated by removing any surrounding granite. However, the host granite cannot be completely prevented from enclave contamination because some enclaves are too small to be separated. The rocks were crushed and powdered at the Institute of Geophysical and Geochemical Exploration in the Chinese Academy of Geological Science, Langfang. After crushing, the samples were processed by heavy-liquid separation, magnetic separation and binocular microscopic selection to separate various minerals.
Mineral inclusions in garnet and biotite were observed under an optical microscope and identified by laser Raman spectroscopy (ThermoFisher DXR) at the CAS Key Laboratory of Crust-Mantle Materials and Environments, University of Science and Technology of China (USTC). Some large mineral inclusions (>5 lm) on the polished garnet and biotite surfaces were analyzed using an EDAX GENESIS APEX Apollo System (EDS) on a TESCAN MIRA 3 LMH FE scanning electron microscope at the CAS Key Laboratory of Crust-Mantle Materials and Environments, USTC, Hefei. Mineral abbreviations used through the text, including the figures and tables, are after Whitney & Evans (2010) .
Biotite major and trace elements
The major element compositions of biotite in polished thin sections were analyzed using a JEOL JXA-8230 at Hefei University of Technology, China. The analyses were obtained using an accelerating voltage of 15 kV and beam current of 20 nA, with a beam size of 5 lm. Reference minerals used in the analyses are biotite (Mg, K, Fe, Ti), tremolite (Si), kyanite (Al), garnet (Ca, Mn), spinel (Cr) and apatite (F, Cl) . Routine detection limits were 0Á02 wt % for F and Cl, and 0Á01 wt % for all other elements.
The trace element compositions of biotite were measured by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the CAS Key Laboratory of Crust-Mantle Materials and Environments, USTC. The analytical procedures have been described in detail by Scheibner et al. (2007) . The beam size was 44 lm and the frequency was 10 Hz. Element contents were calibrated against multiple reference materials (NIST610, BCR-2G, BIR-1G and BHVO-2G), and the SiO 2 contents measured by electron microprobe (EMP) were used as internal standards. Off-line selection and integration of background and sample signals, and time-drift correction and quantitative calibration were performed by ICPMSDataCal (Liu et al., 2008 (Liu et al., , 2010 . The analytical uncertainty of our measurements is less than 610% (2r).
Whole-rock geochemistry
Whole-rock major and trace elements were analyzed at the State Key Laboratory of Isotope Geochronology and Geochemistry in the Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou. Major elements were analyzed by inductively coupled plasma atomic emission spectrometry (ICP-AES) using a Varian Vista Pro system; the analytical precision is better than 62-5%. Trace elements were determined by ICP-MS using a Perkin-Elmer Sciex ELAN 6000 system with an analytical precision better than 65% for most elements. Two rock standards (granite GSR-1, basanite GSR-3) and one randomly selected duplicate sample (12JL39B) were chosen to monitor the data quality and reproducibility.
Whole-rock Rb-Sr, Sm-Nd and Lu-Hf isotope were analyzed by multicollector (MC)-ICP-MS on a Neptune system at the State Key Laboratory of Lithospheric Evolution in the Institute of Geology and Geophysics, Chinese Academy of Sciences (CAS), Beijing. Detailed analytical methods were described by Yang et al. (2010) Nd ratios of the BCR-2 and GSP-2 standards were identical within error to the recommended values (Weis et al., 2006 (Weis et al., , 2007 (Griffin et al., 2000) , and two-stage Hf model ages (T DM2 ) were calculated relative to the average continental crust with a 176 Lu/ 177 Hf ratio of 0Á015 (Griffin et al., 2002) .
Zircon U-Pb ages and O-Hf isotopes
Zircon grains were selected by hand picking under a binocular microscope. Representative zircon grains were mounted in epoxy resin and polished to expose the grain center for analysis. Cathodoluminescence (CL) imaging of the zircons was performed using a JXA-8800R electron microprobe at the Institute of Mineral Resources in CAS, Beijing. Both optical photomicrographs and CL images were taken as a guide to selection of analytical spots.
Zircon in situ O isotopes were analyzed by sensitive high-resolution ion microprobe (SHRIMP) on the SHRIMP II at the Beijing SHRIMP Center in CAS, Beijing. The detailed instrument parameters and operating principles have been described by Ickert et al. (2008 Black et al., 2004) was analyzed at the start of each session and after every three samples for calibration of instrumental mass fractionation.
After the O isotope analysis, the mounted zircons were re-polished and vacuum-coated with gold for UPb dating by the SHRIMP ion microprobe at the same domain. The detailed analytical procedure was described by Compston et al. (1992) . The U-Pb isotope data were collected in sets of five scans and every four analyses was followed by a reference zircon TEM (417 Ma). Common Pb was corrected using the measured 204 Pb, and the model crustal Pb isotope composition of Stacey & Kramers (1975) was used for the common Pb correction. The data were treated following Compston et al. (1992) with the ISOPLOT program of Ludwig (2003) .
Zircon Lu-Hf isotope analysis was conducted by LA-MC-ICP-MS at the State Key Laboratory of Geological Processes and Mineral Resources in the China University of Geosciences, Wuhan. Detailed instrumental conditions and data acquisition were described by Liu et al. (2010) . Analyses were performed using a Neptune MC-ICP-MS system equipped with a GeoLas 193 nm excimer LA system, with a beam diameter of 44 lm and a repetition rate of 8 Hz. The spots chosen for Lu-Hf isotope analyses were near or at the sites of the U-Pb isotope analyses located using CL images. During our analysis, the standard zircons gave 176 Hf/
177
Hf ratios of 0Á282308 6 0Á000025 (2r, n ¼ 22) for 91500 and 0Á282025 6 0Á000022 (2r, n ¼ 4) for GJ-1, within the analytical errors (Woodhead & Hergt, 2005; Morel et al., 2008) 
PETROGRAPHY

Host granite
The granite of the Jiuling batholith mainly consists of quartz, plagioclase, K-feldspar, biotite and muscovite. Quartz ($30-40%) and plagioclase ($20-30%) occur as euhedral and subhedral crystals. K-feldspars ($10-15%) are present as subhedral grains. The abundance of biotite in the granite ranges from $15% to $18%. Most of these biotites occur as clots of subhedral and anhedral crystals; minor biotites are euhedral and coarse grained. Their sizes range from 350 lm to 2 mm in the longest dimension (Fig. 3a) . Muscovite ($3-5%) is scarce and occurs as subhedral crystals. The accessory minerals are zircon, garnet, apatite and pyrite.
Mafic enclaves
Mafic enclaves are widespread in the host granite. Their distribution is irregular, neither close to the edge of the pluton, nor forming an alignment. The enclaves are rich in biotite (30-45%), and contain quartz (25-35%) and plagioclase (30-40%). Generally, the mineral assemblages of these biotite-rich enclaves are similar to those of the host granite, but with significantly higher abundances of biotite and very scarce K-feldspar. The biotites have elongated to equigranular shapes and are subhedral to anhedral ( Fig. 3b-d) . Their sizes range from 200 to 600 lm in the longest dimension. Some quartz grains are small and granular, whereas others are large and anhedral with smaller biotite and plagioclase inclusions ( Fig. 3b and c) . Plagioclase occurs as laths and subhedral crystals. The distribution of plagioclase in the enclaves is generally homogeneous throughout all the thin sections. Some small stumpy plagioclase crystals grow together with equigranular anhedral biotite (Fig. 3d) . As described above, some large enclaves have light-coloured and coarse-grained transitional zones at the contact with the host granite. These rims contain slightly more quartz and plagioclase than the interior of the enclaves.
In addition to the typical large enclaves with sizes of 5-20 cm, we have also studied some small enclaves with sizes less than 1 cm (Figs 2d and 4) . The mineral abundances in these small enclaves are biotite 30-45%, quartz 25-35% and plagioclase 30-40%, similar to those in the large enclaves. The most prominent feature of the small enclaves is the occurrence of garnet as broken crystals (Figs 4 and 5c), fragments (Fig. 5a ) or small debris (Fig. 5b) . These garnets are generally anhedral and their sizes range from 100 to 300 lm. They are relatively scarce in the mafic enclaves and are typically associated with biotite ( Fig. 5c-f ). The growth of biotite is usually accompanied by consumption of garnet (Fig.  5f ). Some small garnets are rimmed by biotite (Fig. 5e ). Other garnets are surrounded by biotite or even enclosed in biotite ( Fig. 5b and d) . K-feldspar is absent in the vicinity of the garnet debris.
To study the relationship between garnet and biotite, we separated and mounted some of the garnet grains.
Some biotites overgrown as rims on the garnet are anhedral, with sizes ranging from 20 to 50 lm (Fig. 6a) . They generally coexist with quartz. The inward curvature of these biotites on the garnet edges suggests the consumption of garnet during the overgrowth of the biotite. Some biotites occur in the interior of the garnet (Fig. 6b) , and represent primary inclusions. Furthermore, some small leptosomatic biotites (<10 lm) coexist with xenomorphic quartz on the rims of the garnet ( Fig. 6c and d) . These coexisting biotite and quartz grains penetrate sharply into the rim of the garnet, whereas the garnet pseudomorph still remains. The morphological characteristics of these small leptosomatic biotites are very similar to those of the neoblastic biotites reported in the melting experiment of Himalayan metapelitic rocks (Patiño-Douce & Harris, 1998) , which occur predominantly as small subhedral flakes (<10 lm). In addition, these small leptosomatic biotites resemble those leptosomatic biotites in our enclaves ( Fig. 3b-d ) having a high aspect ratio.
Mineral inclusions in biotite
Mineral inclusions were identified in the biotites from both the host granites and the enclaves (Table 1 ). All the mineral inclusions listed in Table 1 are primary rather than secondary. The mineral inclusions in biotites from two host granites (12JL39A and 12JL40A) are mainly titanite, ilmenite, zircon, apatite, K-feldspar and quartz. Plagioclase is scarce in the biotite of granite 12JL40A and absent in granite 12JL39A. Only magmatic biotites in the host granite that are euhedral and coarse grained were studied for their mineral inclusions. The mineral inclusions in the biotites from three enclaves (12JL39B, 12JL40B and 12JL41) are quartz, zircon, apatite, plagioclase, ilmenite and titanite. The major difference in the populations of mineral inclusions in the biotites between the host granites and enclaves lies in the abundance of feldspars. High abundances of K-feldspar and low or zero abundances of plagioclase were observed in the biotites from the host granites, whereas plagioclase is common but K-feldspar is absent in the biotites from the enclaves. The biotites in the enclaves contain fewer inclusions than the biotites in the host granites.
GEOCHEMISTRY Biotite major and trace elements
Based on petrographic observations, different kinds of biotite in the host granite and the enclaves were identified. They include euhedral and coarse-grained biotites in the granite, those in contact with garnet, those on garnet rims and biotite inclusions inside garnet. To evaluate the relationship between these biotites and link them to the garnet debris described above, we analyzed the major and trace element compositions of these biotites. Generally, all the biotites are homogeneous in major element composition. Therefore, an average composition is calculated for each grain.
As shown in Fig. 7 and Table 2 , biotites in the host granite have low SiO 2 contents of 33Á60-36Á16 wt %, MgO All the biotites in the host granite display similar chondrite-normalized rare earth element (REE) patterns with (La/Yb) N varying from 0Á16 to 0Á77 and strong positive Eu anomalies with Eu/Eu* from 2Á30 to 4Á89 ( Fig. 8 ; Table 3 ). Their middle REE (MREE)-heavy REE (HREE) patterns are flat with (Gd/Yb) N of 0Á31-1Á37. Only one biotite grain in an enclave rim was analyzed for its trace elements. It shows a similar pattern to the biotites in the host granite, with a weak light REE (LREE)/HREE fractionation (La/Yb N ¼ 0Á44), a strong positive Eu anomaly (Eu/Eu* ¼ 5Á08) and a flat MREE-HREE pattern (Gd/ Yb N ¼ 0Á87). However, the biotites in enclaves and in contact with garnet have distinctive REE patterns with (La/Yb) N of 0Á01-0Á10, Eu/Eu* of 0Á27-0Á62 and (Gd/Yb) N of 0Á08-0Á33. The significant negative Eu anomalies indicate the co-growth of plagioclase in a relatively closed environment.
Whole-rock major and trace elements
Major and trace element data for the host granites and enclaves are presented in Table 4 . Nearly all of these samples are peraluminous with A/CNK values of 1Á02-1Á47. On the total alkalis-silica (TAS) diagram (Fig. 9a) , all the host granites plot in the granodiorite domain and all the biotite-rich enclaves plot in the diorite field. The host granites and enclaves have consistently high
18 O values of 10Á5-11Á8‰ (Fig. 9b) . In Harker variation diagrams ( Fig. 10 ) the host granites have consistent Na 2 O contents of 2Á42-2Á75 wt % and K 2 O contents of 3Á21-4Á25 wt % with K 2 O/Na 2 O ratios of 1Á33-1Á69 and Fig. S1 ; supplementary data are available for downloading at http://www.petrology. oxfordjournals.org). All samples display enrichment in LREE relative to HREE, with (La/Yb) N from 6Á70 to 16Á05, negative Eu anomalies with Eu/Eu* from 0Á27 to 0Á79 and total REE contents from 153Á99 to 202Á47 ppm. They are characterized by strong enrichment in Rb (150Á5-255 ppm), Th (10Á35-18Á35 ppm), U (2Á1-3Á05 ppm), K (23317-33689 ppm) and Pb (14-31 ppm), but pronounced negative anomalies in , Sr (62Á8-146Á5 ppm), Nb (9Á1-16Á2 ppm), Ta (0Á9-1Á8) and Ti (3896-6053). The calculated Zr saturation temperatures (T Zr ) for the host granites and enclaves range from 797 to 825 C (av. 806 C) and from 724 to 826 C (av. 780 C), respectively. Relict zircons occur in both the host granite and enclaves, indicating the saturation of Zr in the melts. Therefore, the calculated Zr saturation temperatures represent the upper limit of temperature for zircon crystallization (Boehnke et al., 2013) .
Zircon U-Pb ages
One host granite and enclave pair (12JL39A and 12JL39B) was selected for SHRIMP U-Pb dating (Table  5) . Zircon grains from the host granite (12JL39A) are euhedral to subhedral, colorless and transparent. The grain sizes range from 100 to 350 mm with aspect ratios of $1Á5:1 to 4:1. Most of the zircons show oscillatory or banded zoning in CL images (Fig. 11) . The zircons have moderate contents of U (109-699 ppm) and Th (41-493 ppm) with high Th/U ratios of 0Á1-1Á0, which are typical of zircon of magmatic origin (Hoskin & Schaltegger, 2003) . Zircon grains from the enclave (12JL39B) are subhedral to anhedral, opaque to translucent. They are smaller than those from the host granite, with sizes of 50-100 mm and length to width ratios of $1:1 to 2:1. They have higher U contents of 326-3514 ppm and Th contents of 77-1539 ppm, but with similar Th/U ratios of 0Á16-0Á62.
Fourteen of the 15 analyses on 11 zircon grains of the host granite 12JL39A are concordant. Seven analyses on relict cores gave apparent U age of 823 6 3 Ma (1r, n ¼ 7, MSWD ¼ 0Á94) as crystallization age, and seven ages on relict zircons ranging from 838 6 5 Ma to 863 6 4 Ma. This is consistent with previous dating results from the Jiuling batholith, including 819 6 9 Ma , 828 6 8 Ma (Zhong et al., 2005) and 815 6 7 Ma for granitoid samples and 813 6 5 Ma for mafic enclaves . It appears that the host granite and the enclave were emplaced at the same time.
Whole-rock Sr-Nd-Hf-O isotopes
Two host granites and three enclaves were analyzed for their Rb-Sr, Sm-Nd and Lu-Hf isotope compositions ( Sr) i ratios of 0Á710-0Á714, e Nd (t) values of -2Á74 to -0Á75 and positive e Hf (t) values of 4Á26-4Á69. The moderately negative e Nd (t) values fall in the range of the country-rocks; that is, the Shuangqiaoshan Group and its equivalent strata in the vicinity (Li, 1996; Zhang et al., 2000; Wang et al., 2010) . The corresponding single-stage Nd and Hf model ages (T DM1 ) are 1626-1870 and 1249-1319 Ma, respectively. 
Zircon Hf-O isotopes
In situ zircon Hf-O isotopic analyses of the host granite and enclave were conducted on the same spot or the same domains as for the U-Pb dating. The results are presented in Fig. 13 and Table 7 . The e Hf (t) values and Hf model ages were calculated at t ¼ 820 Ma for synmagmatic zircons, whereas the relict zircon cores were calculated at their apparent U-Pb ages.
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0Á04 0Á00 0Á00 0Á00 0Á00 0Á01 0Á00 0Á00 0Á01 0Á01 0Á00 0Á00 0Á00 0Á00 0Á00 0Á02 0Á00 0Á00 Na 2 O 0 Á27 0Á23 0Á11 0Á20 0Á17 0Á20 0Á19 0Á15 0Á19 0Á18 0Á07 0Á26 0Á24 0Á22 0Á25 0Á16 0Á08 0Á21 K 2 O 9 Á29 9Á51 9Á86 9Á74 9Á81 9Á79 9Á71 9Á84 9Á80 9Á76 9Á91 9Á55 9Á82 9Á74 9Á54 9Á50 9Á51 9Á67 NiO 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 F 0 Á00 0Á00 0Á00 0Á13 0Á18 0Á17 0Á19 0Á18 0Á20 0Á18 0Á00 0Á19 0Á18 0Á12 0Á00 0Á30 0Á23 0Á00 Cl 0Á00 0Á00 0Á00 0Á03 0Á03 0Á04 0Á03 0Á03 0Á04 0Á03 0Á00 0Á03 0Á03 0Á03 0Á00 0Á06 0Á02 0Á00 Total  97Á51 97Á82 96Á05 95Á48 96Á16 95Á09 94Á76 94Á97 95Á11 95Á32 96Á16 96Á33 96Á07 96Á15 97Á12 96Á85 96Á65 97Á56  Mg#  37Á95 37Á27 47Á39 41Á00 38Á09 38Á04 40Á84 37Á71 39Á89 37Á83 59Á12 37Á07 36Á97 36Á67 38Á51 41Á80 42Á57 36Á60  A/CNK  1Á73 1Á67 1Á63 1Á67 1Á59 1Á66 1Á67 1Á63 1Á65 1Á62 1Á52 1Á57 1Á56 1Á61 1Á70 1Á69 1Á71 1Á68 (continued)
DISCUSSION
Biotites formed by back-reaction of peritectic garnet
Back-reaction of peritectic minerals with anatectic melts was identified by Kriegsman & Hensen (1998) in their study on partial melting of metapelites. They found that peritectic spinel in the metapelites is separated from the felsic leucosome by coronas of garnet 6 sillimanite or cordierite 6 sillimanite. These coronas are interpreted as formed by the back-reaction of spinel with a silicaundersaturated melt during a heating-cooling cycle. Beard et al. (2004 Beard et al. ( , 2005 interpreted amphibole and biotite rims on partially reacted and resorbed pyroxenes and Fe-Ti oxides as the principal petrographic evidence for hydration crystallization, which is the reverse of dehydration-melting reaction. Similar back-reaction 36Á09 35Á33 35Á29 39Á01 35Á64 35Á52 35Á61 35Á32 38Á80 36Á76 35Á28 35Á24 35Á17 35Á38 36Á39 35Á96 35Á83  TiO 2  4Á28 3Á95 3Á86 3Á55 1Á39 3Á49 4Á01 3Á57 3Á95 1Á28 1Á50 4Á06 4Á10 3Á90 3Á79 1Á67  2Á27  2Á48  Al 2 O 3  18Á06 18Á59 17Á44 17Á65 16Á57 17Á42 17Á59 17Á95 17Á57 15Á63 16Á62 17Á55 17Á18 17Á50 16Á90 17Á68 17Á56 17Á22  Cr 2 O 3 0Á04 0Á06 0Á00 0Á02 0Á07 0Á01 0Á02 0Á02 0Á01 0Á11 0Á12 0Á02 0Á02 0Á01 0Á03 0Á00 0Á00 0Á00 FeO 21Á10 20Á82 22Á00 21Á92 16Á18 21Á80 21Á32 21Á79 22Á03 0Á02 0Á02 22Á04 21Á75 21Á05 21Á84 20Á10 20Á13 20Á36 MnO 0Á17 0Á18 0Á09 0Á09 0Á26 0Á09 0Á10 0Á09 0Á09 15Á30 18Á14 0Á09 0Á10 0Á10 0Á09 0Á16 0Á20 0Á22 MgO 7Á22 7Á36 7Á13 7Á16 12Á67 7Á58 7Á25 7Á00 6Á89 13Á02 10Á78 7Á23 6Á93 7Á21 7Á16 9Á01 9Á17 8Á67 CaO 0Á00 0Á01 0Á00 0Á00 0Á00 0Á00 0Á01 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á03 0Á00 0Á00 0Á01 Na 2 O 0 Á17 0Á21 0Á25 0Á17 0Á08 0Á20 0Á26 0Á19 0Á19 0Á06 0Á06 0Á20 0Á24 0Á24 0Á28 0Á21 0Á19 0Á20 K 2 O 9 Á72 9Á71 9Á65 9Á69 9Á81 9Á56 9Á56 9Á84 9Á83 10Á32 10Á38 9Á83 9Á59 9Á57 9Á56 9Á19 9Á08 9Á13 NiO 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 F 0 Á00 0Á00 0Á17 0Á15 0Á00 0Á16 0Á17 0Á15 0Á18 0Á35 0Á19 0Á15 0Á15 0Á17 0Á16 0Á13 0Á17 0Á12 Cl 0Á00 0Á00 0Á04 0Á04 0Á00 0Á04 0Á03 0Á03 0Á04 0Á01 0Á02 0Á03 0Á03 FeO 20Á90 20Á20 20Á73 19Á88 20Á59 20Á23 20Á23 19Á39 20Á95 19Á86 19Á14 15Á68 20Á55 19Á27 21Á52 21Á61 19Á51 19Á43 MnO  0Á20  0Á22  0Á19 0Á10 0Á05 0Á12 0Á41 0Á41 0Á30 0Á05 0Á05 0Á09 0Á29 0Á25 0Á35 0Á32 0Á32 0Á32  MgO  8Á17  8Á79  8Á25 8Á57 8Á46 8Á25 7Á70 8Á31 8Á64 8Á92 9Á17 11Á94 8Á15 7Á64 8Á55 8Á48 8Á92 8Á97  CaO  0Á26  0Á04 0Á22 0Á01 0Á00 0Á00 0Á00 0Á00 0Á00 0Á00 0Á11 0Á01 0Á00 0Á01 0Á00 0Á00 0Á00 0Á00 Na 2 O 0 Á14 0Á15 0Á12 0Á14 0Á33 0Á38 0Á09 0Á10 0Á03 0Á22 0Á32 0Á22 0Á03 0Á04 0Á03 0Á04 0Á15 0Á02 K 2 O 9 Á01 9Á24 8Á93 9Á51 9Á03 8Á92 9Á68 9Á83 9Á75 9Á26 8Á85 9Á60 8Á60 9Á74 9Á70 9Á24 9Á54 9Á64 NiO 0Á00 0Á00 0Á00 0Á03 0Á00 0Á01 0Á03 0Á01 0Á02 0Á03 0Á03 0Á00 0Á01 0Á00 0Á04 0Á02 0Á00 0Á00 F 0 Á11 0Á16 0Á10 0Á21 0Á31 0Á14 0Á08 0Á23 0Á27 0Á27 0Á27 0Á44 0Á12 0Á26 0Á27 0Á27 0Á47 0Á31 Cl 0Á03 0Á04 0Á03 0Á03 0Á03 0Á02 0Á03 0Á03 0Á02 0Á02 0Á02 0Á01 0Á02 0Á02 0Á02 0Á02 0Á04 0Á03 0Á02 0Á00 0Á00 0Á00 0Á01 0Á00 0Á05 0Á00 0Á00 0Á00 0Á04 0Á04 0Á00 0Á00 0Á00 0Á01 0Á03 0Á00 Na 2 O 0 Á23 0Á19 0Á19 0Á15 0Á31 0Á29 0Á19 0Á16 0Á24 0Á17 0Á32 0Á49 0Á05 0Á03 0Á11 0Á09 0Á31 0Á26 K 2 O 8 Á65 9Á33 8Á36 9Á64 9Á48 9Á31 6Á24 9Á00 9Á16 9Á37 8Á49 8Á93 9Á71 9Á76 9Á28 8Á70 9Á27 9Á14 NiO 0Á00 0Á01 0Á00 0Á00 0Á01 0Á06 0Á02 0Á02 0Á00 0Á00 0Á01 0Á00 0Á01 0Á00 0Á00 0Á00 0Á02 0Á01 F 0 Á56 0Á27 0Á30 0Á37 0Á53 0Á33 0Á28 0Á23 0Á45 0Á14 0Á37 0Á17 0Á48 0Á18 0Á05 0Á16 0Á61 0Á17 Cl 0Á02 0Á03 0Á02 0Á02 0Á04 0Á02 0Á02 0Á04 0Á02 0Á03 0Á04 0Á03 0Á02 0Á03 0Á04 0Á03 0Á05 0Á03 Total 95Á00 96Á97 96Á91 95Á78 97Á49 94Á16 97Á31 94Á09 94Á69 94Á73 95Á76 95Á86 95Á07 95Á00 95Á78 96Á87 97Á03 95Á10 Mg# 64Á46 55Á38 48Á09 52Á24 53Á80 56Á13 41Á99 49Á38 49Á67 40Á85 46Á73 48Á06 40Á51 40Á66 45Á18 46Á57 56Á77 53Á21 A/CNK 1Á94 1Á76 2Á09 1Á82 1Á97 1Á77 3Á05 1Á87 1Á82 1Á79 1Á89 2Á17 1Á79 1Á80 1Á87 1Á90 1Á93 2Á00 phenomena are recognized in other studies (e.g. Waters, 2001; Erdmann et al., 2009; Lavaure & Sawyer, 2011) . We propose that the biotites associated with garnet in the host granite and the biotite aggregates (small enclaves) are also produced by the back-reaction of peritectic garnet with a granitic melt via the following reaction:
The petrological and geochemical evidence for the back-reaction includes the following. (1) Metasomatic textures at various scales: the needle-shaped biotites (<10 lm) growing with xenomorphic quartz penetrate into the garnet crystals ( Fig. 6c and d) . The morphology of these small leptosomatic biotites is very similar to those neoblastic biotites produced by incongruent breakdown of muscovite in melting experiments (Patiño-Douce & Harris, 1998) . These subhedral biotite needles and flakes represent the product of melt-garnet reaction. Some garnet crystals with larger biotites on their rims (Figs 5e and 6a) suggest higher degree of reaction. Other textures, such as embayment of biotite and quartz into garnet crystals (Fig. 5f ), the surrounding of small garnet grains by biotite and quartz (Fig. 5d) , the fracture of garnet by biotite (Fig. 5c ) and small garnet grains in biotite aggregates (Figs 4 and 5a, b) , all represent replacement of garnet by biotite to different degrees. (2) These metasomatic biotites show some chemical characteristics inherited from garnet. Firstly, they have high MgO, low FeO T contents and high Mg# (Fig. 7) . This is consistent with the reported metasomatic biotites by Lavaure & Sawyer (2011) . Secondly, they have low K 2 O and TiO 2 concentrations, consistent with the consumption of K 2 O and TiO 2 by the formation of metasomatic biotite via reaction (I). The enrichment in HREE and fractionated LREE/HREE patterns in biotite associated with garnet ( Fig. 8 ) are also consistent with the garnet inheritance. Its negative Eu anomaly is consistent with plagioclase growth via reaction (I). It is noted that the primary biotite inclusions in the garnet have similar compositions to the metasomatic biotites. These inclusions are very likely to be the residue of biotites from the granite source. This implies that reaction (I) is the reverse of biotite dehydration melting. where oxides represent components in the granitic melt. Because quartz and plagioclase are abundant in the system, the SiO 2 activity is buffered and the Na 2 O Fig. 8 . REE patterns for different kinds of biotite from the Aozicun granites and enclaves in the Jiuling batholith, South China. La  0Á054  0Á417  0Á057  0Á045  0Á117  0Á011  0Á028  Ce  0Á326  2Á086  0Á247  0Á108  0Á267  0Á150  0Á120  Pr  0Á079  0Á305  0Á033  0Á017  0Á044  0Á005  0Á010  Nd  0Á398  1Á322  0Á358  0Á171  0Á293  0Á193  0Á113  Sm  0Á186  0Á687  0Á149  0Á136  0Á090  0Á130  0Á069  Eu  0Á136  0Á500  0Á166  0Á161  0Á223  0Á012  0Á015  Gd  0Á142  0Á644  0Á122  0Á074  0Á200  0Á132  0Á079  Tb  0Á033  0Á079  0Á021  0Á030  0Á058  0Á058  0Á006  Dy  0Á234  0Á802  0Á076  0Á127  0Á241  0Á366  0Á231  Ho  0Á046  0Á159  0Á022  0Á045  0Á048  0Á144  0Á017  Er  0Á132  0Á391  0Á074  0Á132  0Á146  0Á520  0Á102  Tm  0Á043  0Á071  0Á027  0Á026  0Á028  0Á099  0Á016  Yb  0Á140  0Á389  0Á094  0Á197  0Á191  1Á288  0Á196  Lu  0Á040  0Á073  0Á013  0Á035  0Á042  0Á134 and CaO activities are roughly buffered, thus they are not considered in this reaction. For simplicity, the endmember chemical formulae for garnet and biotite are theoretical. At a given temperature and pressure, the Gibbs free energy for reaction (II) can be calculated:
Mechanism for the back-reaction of peritectic garnet
-DG r =RT ¼ 0 Á 5 ln a Al2O3ðmÞ -0 Á 5 ln a K2OðmÞ -ln a H2OðmÞ
where R is the gas constant, T is temperature, and -DG r represents the P-T specific Gibbs free energy of pure substances at a standard state. This is illustrated schematically in Fig. 14a . As can be seen from equation (III) and Fig. 14a , increases in K 2 O and H 2 O activities or a decrease in Al 2 O 3 activity in the melt will lower the free energy and drive the conversion of garnet to biotite. It is also clear that an increase of H 2 O activity in the melt must be the primary driver of converting garnet to biotite. However, granitic melts produced by anatexis of crustal rocks are usually unsaturated in water at the initial stage (Clemens, 1984; Scaillet et al., 2000; Clemens & Stevens, 2012) . Thus, this initially low a H2O granitic Zircon saturation temperature were calculated after Boehnke et al. (2013) ; subscript N indicates REE normalized to chondrites from Sun & McDonough (1989) .
melt cannot directly react with the garnet. Because water behaves like an incompatible element, it has been shown that any magma that contains even a trace amount of water will eventually become watersaturated after sufficient differentiation (Eggler, 1972) . Therefore, only in a residual melt where the water content is high enough will the reaction of garnet to biotite occur. We have modelled the crystallization of minerals and the H 2 O content variation of a residual melt during evolution of the host magma using Rhyolite-MELTS (Gualda et al., 2012; Gualda & Ghiorso, 2015) . One host granite sample (12JL39A) is selected as the initial magma with addition of different H 2 O contents (2-4 wt %). The adoptive pressure is 4Á5 kbar, corresponding to a crustal depth for the emplacement of common S-type granitic magmas (e.g. Anderson et al., 2008) . This is also consistent with the greenschist-facies metamorphism recorded by the country-rocks of the Jiuling batholith (Wang et al., 2007 Data Fig. S2) . The conditions at the FMQ (fayalite-magnetite-quartz) buffer were also modeled, showing little influence on the results. A closedsystem equilibrium is assumed because of insufficient crystal-melt segregation in granitic magma. All main mineral phases in our host granites were reproduced by the modeling results (Fig. 14b and c) . The water content in the residual melts increase gradually with a decrease in melt fraction. For a magma system with an initial water content of 4 wt % and 2 wt %, water will become saturated at a crystallinity of 65% and 85%, respectively. Hence, along with the crystallization of the granitic magma, the water contents in the magma will become high enough to convert most of the garnets to biotites.
The garnets that reacted to form biotites are considered peritectic in origin. They are generally anhedral and most of them occur as fragments or broken grains in biotite aggregates (small enclaves), consistent with typical peritectic garnets in S-type granites (Dorais & Tubrett, 2012) . The occurrence of biotite inclusions in the garnets also implies that they are of peritectic origin, because magmatic garnet usually crystallizes earlier than biotite (Fig. 14b) and thus is unlikely to enclose biotite. As discussed above, these biotite inclusions seem to be the residue from the source because they have higher Mg# and lower Ti than the magmatic biotite in the host granite (Fig. 7) . As such, only the peritectic garnet has the opportunity to capture the biotite residue. Hence, the observed garnets in our samples should be peritectic ones that were produced by the incongruent dehydration melting of biotite in the metasedimentary rock and were subsequently entrained into the granitic magma.
At the level of emplacement, extensive back-reaction of peritectic garnet would occur for the following reasons: (1) peritectic garnet from the magma source falls out of its original stability owing to the change of pressure, temperature and oxygen fugacity in the magmatic system during the migration and ascent of the granitic magma; (2) the change of magma composition owing to fractional crystallization (i.e. elevated H 2 O and K 2 O content in the magma) would drive the conversion of garnet into biotite; (3) peritectic minerals are fragmented or broken, which favors the infiltration of magmatic melts into the peritectic garnet for extensive back-reaction.
The origin of mafic enclaves in S-type granites
Several models have been proposed to explain the origin of mafic enclaves in S-type granites, including (1) restite from anatectic sources, (2) hybridization between mafic and felsic magmas, and (3) early formed cumulates from the host granitoid magma.
In the restite model (Chappell et al., 1987; Chen et al., 1989; Chappell & White, 1991; White et al., 1999; Chappell & Wyborn, 2012; Wyborn, 2013) , mafic enclaves are composed of both residual and peritectic minerals of a refractory nature and the residual minerals are thus inherited from the source rock. These refractory minerals are successively unmixed from the host granitic melt during the rise of a crystal mush from the anatectic source. A diagnostic feature of restite unmixing is complementary compositions between the enclaves and their host granite (e.g. Chappell et al., 1987) . However, the enclaves and host granites of this study show similar compositions in most major and trace elements (Fig. 10 and Supplementary Data Fig.  S2 ). Further evidence for the restite model is the presence of residual minerals or residual cores, such as calcic plagioclase crystals, plagioclase cores with very high An contents, magnesium cordierites, orthopyroxene cores enclosed in biotite and inherited zircons (e.g. Chappell et al., 1987; Chen et al., 1989; Chappell & Wyborn, 2012) . The magnesium cordierites and orthopyroxene cores can be interpreted as peritectic minerals formed by the incongruent dehydration melting of biotite (e.g. Clemens, 1984; Ellis & Obata, 1992; Watkins et al., 2007; Ward et al., 2008) . More importantly, the plagioclases in the enclaves and host granites in the present study have identical compositions (not shown). Furthermore, if the enclaves were restites from the source, they should contain more inherited zircons than the host granite, which is not observed in our study. Hence, the restite model is invalid at least for the biotite-rich enclaves in the Jiuling batholith.
The mixing model (Reid et al., 1983; Vernon, 1984 Vernon, , 2007 Vernon, , 2014 Elburg & Nicholls, 1995; Maas et al., 1997; Collins et al., 2000; Barbarin, 2005; Yang et al., 2007 Yang et al., , 2015 Chen et al., 2009 ) is the most popular explanation for the formation of mafic enclaves in felsic granitoids. It is envisaged that the mafic enclaves in a granitoid are globules of mantle-derived mafic magma that mingles or mixes with the host felsic magma. If the enclaves represent the mantle-derived magma, they would be gabbroic in lithochemical composition. However, our biotite-rich enclaves are dioritic rather than gabbroic (Fig. 9a) . Importantly, the mineral assemblage of our enclaves is biotite, quartz and plagioclase, with a lack of mafic minerals such as clinopyroxene and amphibole. In addition, a linear lithochemical variation between enclaves and host granites is usually regarded as key proof for hybridization between the mantle-derived enclave-forming mafic magma and the host felsic magma (e.g. Collins et al., 2000; Barbarin, 2005) . This is not observed in our samples (Fig. 10) . Isotope compositions may offer a means to testify the hybridization between 0Á0669 0Á0009 1Á2570 0Á0192 0Á13617 0Á00099  836 28  827  9  823  6 M  12JL39B-10  3514  1539  0Á44 0Á0659 0Á0003 1Á3012 0Á0076 0Á14320 0Á00063  803  8  846  3  863  4  I  12JL39B-11  511  155  0Á30 0Á0651 0Á0011 1Á2594 0Á0236 0Á14029 0Á00088  778 37  828 11  846  5  I  12JL39B-12  1410  738  0Á52 0Á0656 0Á0004 1Á2576 0Á0098 0Á13898 0Á00067  794 13  827  4  839  4  I  12JL39B-13  1593  666  0Á42 0Á0658 0Á0004 1Á2285 0Á0105 0Á13542 0Á00074  800 14  814  5  819  4 M  12JL39B-14  2979  752  0Á25 0Á0659 0Á0003 1Á2648 0Á0086 0Á13917 0Á00063  804 11  830  4  840  4  I M, magmatic zircon; I, inherited core; D, discordant core.
the mantle-derived enclave-forming mafic magma and the host felsic magma (e.g. Maas et al., 1997; Chen et al., 2009) . The Sr-Nd-Hf-O isotope compositions of our enclaves and host granites overlap with each other and are thus indistinguishable (Figs 9b and 12) , inconsistent with the mixing model. Although the similar isotope compositions between enclaves and host granite can be argued to be a result of geochemical equilibration between the different compositions of magmas (e.g. Barbarin, 2005; Alves et al., 2015; Wang et al., 2015) , zircon Hf-O isotopes in the enclaves and hostrocks cannot be equilibrated readily because of the sluggish rate of zircon Hf isotope exchange, which stands as a powerful tool to test the mixing model (e.g. Yang et al., 2007) . The zircon Hf-O isotopes in our enclaves and host granites are similar to each other (Fig.  13 ). All the syn-magmatic zircons exhibit high d 18 O values (>8‰) and low e Hf (t) values (Fig. 13) . Therefore, our biotite-rich enclaves cannot be explained by a mixing model.
A cumulate model has been proposed to account for mafic enclaves that have similar mineral assemblages, mineral compositions, crystallization ages and isotope compositions to their host granites (Tindle & Pearce, 1983; Clemens & Wall, 1984; Dodge & Kistler, 1990; Donaire et al., 2005; Collins et al., 2006; Huang et al., 2014; Chen et al., 2015; Moita et al., 2015) . Mafic enclaves are considered to be cumulates formed at an earlier stage of the same magma system as the host granite. However, minerals in the mafic enclaves of our study (Figs 2 and 3) are finer grained and less automorphic, inconsistent with the cumulate crystal texture described by Irvine (1982) . In addition, the notably high viscosity of granitic melts is still a potential obstacle for separation of crystals from them (Glazner, 2014) when referring to cumulates in granites. The consistent zircon U-Pb ages and Sr-Nd-Hf-O isotope compositions between the enclaves and the host granites can be produced as long as they come from the same source at the same time. More importantly, our enclaves are enriched in biotite, which has different geochemical characteristics from that in the host biotite granite (Figs 7  and 8 ). This is inconsistent with the cumulate model because biotite does not crystallize until the middle to late stage of granitic magma evolution ( Fig. 14c and d) . Therefore, the cumulate model is also not applicable to our biotite-rich enclaves.
All the models discussed above may be applicable to some mafic enclaves in granites. But none of them can adequately account for our biotite-rich enclaves. Instead, our field observations, petrographic and geochemical data indicate that these enclaves are produced by the back-reaction of garnet aggregates with hydrous granitic melt at a later stage of the host granitic magma Fig. 11 . Zircon CL images and U-Pb concordia diagrams for the Aozicun granite and enclave from the Jiuling batholith, South China. Black ellipses represent concordant zircon U-Pb crystallization ages, whereas red ellipses are ages that are disconcordant or were obtained on inherited grains. evolution. As discussed above, the biotites in some small enclaves (<1 cm in biotite aggregates) are inevitably produced by the back-reaction of garnet. Although garnets were not observed in the three enclaves (12JL39B, 12JL40B and 12JL41), there is plenty of evidence demonstrating that the biotite in the enclaves is the product of garnet back-reaction. The main lines of evidence are as follows.
K-feldspar is absent or scarce in the mafic enclaves.
A similar phenomenon is observed in the biotite aggregates (Figs 4 and 5) . This is because the backreaction of garnet to biotite has consumed K 2 O. 2. The biotites in the mafic enclaves are fine-grained and have a higher aspect ratio than those in the host granite. This is similar not only to those nascent biotites formed on the garnet rims ( Fig. 6c and d) , but also to the neoblastic biotites in the experiments of Patiño-Douce & Harris (1998). 3. Mineral abundances of these enclaves are consistent with the theoretical proportion from the product of reaction (I), namely biotite (35%), quartz (30%) and plagioclase (35%). 4. Some biotites in the biotite-rich enclaves exhibit major element characteristics consistent with those of the biotites associated with garnet (Fig. 7) . This demonstrates that they are also produced by consumption of garnet. Although the other biotites in the enclaves show similar major element features to the biotites in the host granites, this can be explained by the fact that metasomatic biotites can be readily re-equilibrated with the host melts (Erdmann et al., 2009; Lavaure & Sawyer, 2011) . The biotites in the enclave rims display an intermediate composition between the metasomatic biotites and the biotites in the host granite, confirming the chemical exchange between the enclaves and host granite. 5. The biotite in the enclaves has a similar REE pattern to the metasomatic biotite with a progressive enrichment in HREE, a slight depletion in LREE [low (La/Yb) N ratio] and a significant negative Eu anomaly. The enrichment in HREE and depletion in LREE are inherited from the garnet, a common feature in metamorphic, peritectic and magmatic garnets. The negative Eu anomaly is caused by co-growth of plagioclase. 6. Plagioclase is a major inclusion whereas K-feldspar is absent in the biotites from the enclaves. This is consistent with K-feldspar consumption and plagioclase formation during the back-reaction of garnet. 7. The biotite-rich enclaves have indistinguishable zircon U-Pb ages and Hf-O isotope compositions and wholerock Sr-Nd-Hf-O isotopes from those of the host biotite granites. This suggests that they are from the same source and formed from the same magma batch. 8. The relatively higher U contents in zircons from the enclaves suggest that the zircons in the enclaves would have crystallized at a relatively later stage because the U concentration increases significantly only with the significant crystallization of U-poor minerals from a granitic magma. 
The initial isotopic ratios are calculated at the time of magma crystallization (820 Ma). The Chondrite Uniform Reservoir (CHUR) values are as follows: 147 Sm/
The above arguments demonstrate that the enclaves and the biotite aggregates represent the product of the back-reaction between garnet and granitic melt at different stages (Fig. 15) . If a granitic magma is derived from the incongruent melting of micas and other minerals, it is a mixture of the anatectic melt and peritectic and residual minerals. During the ascent of the magma, peritectic garnets tend to accumulate because they are denser than the melt. The difference in rheology between the peritectic garnets and the melt causes these solids to cluster in local regions during melt migration. When the granitic magma is emplaced at a shallower depth, the entrained peritectic garnet aggregates become metastable owing to the decrease of pressure and temperature. As the granitic magma cools and crystallizes, the water activity of the residual melt increases gradually. This would induce reaction (I) to operate. Small biotites begin to grow at the rim of the peritectic garnets (Fig. 15b) . This stage is recorded in Fig. 6 . As the crystallization of the granitic magma continues and more water is available for the metasomatic reaction, most of the peritectic garnets are converted into biotite ( Fig. 15c and d) . This stage is recorded in Figs 4 and 5, in which only a small quantity of garnet debris is left. When the garnet aggregate is completely converted into biotite (Fig. 15e) , a biotite aggregate or a mafic enclave is produced according to the size of the original garnet aggregate. Then some of the biotite aggregates or the enclaves become distributed in the granite (Fig.  15f) . Actually, disaggregation of the garnet cluster or the biotite aggregate is inevitable during this process and most of these micaceous enclaves become scattered in a pluton and only a few survive. After the scattering of the biotites, they would grow continuously and equilibrate with the granitic melt.
The above process is generally similar to that reported by Lavaure & Sawyer (2011) in the Wuluma Pluton, in which wispy schlieren are considered to be derived from reaction of porphyroblasts of garnet, cordierite and orthoproxene with a granitic melt. However, the garnet porphyroblasts of their study are incorporated into the granite from the country-rocks. Lavaure & Sawyer (2011) observed that screens of country-rocks gradually disappeared from the margin to the center of the intrusion. In general, granitic melts leave their source rocks and migrate upwards into shallow levels. In this regard, the Wuluma Pluton represents a special China. The initial isotopic ratios are calculated at the zircon crystallization age (t ¼ 820 Ma). Data for the Nd isotopic compositions of metasedimentary rocks in the Shuangqiaoshan Group and its equivalents are after Li (1996) , Zhang et al. (2000) and Wang et al. (2010). case. In our case, the biotite-enriched enclaves are similar in petrography to typical mafic enclaves in most granites. This implies that our conclusion is applicable to other plutons. In other words, our study suggests that the back-reaction of peritectic minerals is an efficient way to form mafic enclaves. Another difference in our study is that different stages of back-reaction are all recognized in our samples.
It should be noted that the compositional exchange between the mafic enclaves and the host granite during back-reaction is selective. The major elements that are considerably changed are those with a significant difference between the mafic enclaves and the host granite. Because quartz and plagioclase are abundant in the magmatic system, the SiO 2 activity is buffered and the Na 2 O, CaO and Al 2 O 3 activities are roughly constant in the bulk system. For mafic components such as MgO, FeO T , and TiO 2 , in contrast, these would partly transport from the enclaves to the host granite. The exchange rates of trace elements during the back-reaction are even faster. This is why only part of the biotite in the enclaves has inherited relatively higher HREE contents from the garnets. Owing to the high magma temperature, the equilibrium isotope exchange is readily reached. Therefore, we are not able to observe any difference in stable and radiogenic isotope compositions between the enclaves and their host granite. Furthermore, as soon as the metasomatic biotites are produced by the back-reaction, chemical exchange would occur between them and the host magma. This could obscure the original composition of the biotite. Physical exchange between the granitic magma and the enclave or the aggregate is also possible. Therefore, most of the metasomatic biotites in the aggregates or the enclaves have indistinguishable compositions from those in the host granite. Only small quantities of them preserve the original compositions determined by the back-reaction of peritectic garnets.
IMPLICATIONS FOR THE ORIGIN OF S-TYPE GRANITES
The results of this study show that the granites hosting the mafic enclaves at Aozicun in the Jiuling batholith are peraluminous with A/CNK values of 1Á02-1Á47 and d
18 O values of 10Á5-11Á8‰ ( Fig. 9b and Table 4 ). The syn-magmatic zircons from the host granite and the enclave also show similarly high d 18 O values of 8Á4-10Á6‰ ( Fig. 13 and rocks and zircons from these rocks (Tables 6 and 7) , suggesting an additional contribution from relatively juvenile crust (Wu et al., 2006; Zheng et al., 2008 (Table 7) , suggesting mixed contributions from both relatively ancient and juvenile crustal rocks experiencing the supracrustal processes at both low and high temperature .
The calculated Zr saturation temperatures (T Zr ) for the host granites and enclaves range from 797 to 825 C and from 724 to 826 C (Table 4) , respectively. Relict zircons occur in both the host granites and enclaves, indicating the saturation of Zr in the melts. Therefore, the calculated Zr saturation temperatures represent the upper limit of temperatures for zircon crystallization (Boehnke et al., 2013) . The zircon U-Pb dating yields concordant ages of 822 6 4 Ma for the host granite and 823 6 3 Ma for the mafic enclave ( Fig. 11 and Table 5 ). It appears that the host granite and the enclaves crystallized at the same time. Such ages are consistent with known zircon U-Pb ages of 813 6 5 to 828 6 8 Ma for S-type granites from the Jiuling batholith Zhong et al., 2005; Zhao et al., 2013) . Taken together, the metasedimentary rocks underwent partial melting to produce granitic magmatism at 810-830 Ma in the Jiangnan orogen.
Like most S-type granites (e.g. Scheepers & Armstrong, 2002; Scheepers & Poujol, 2002; Chappell & Wyborn, 2012) , the granites at Aozicun in the Jiuling batholith have relatively higher MgO þ FeO T contents (6Á45-7Á79 wt%) than natural melts (Acosta-Vigil et al., 2007; Cesare et al., 2007 Cesare et al., , 2009 or the experimental melting products of various sediments (Holtz & Johannes, 1991; Patiño-Douce & Johnston, 1991; Vielzeuf & Montel, 1994; Patiño-Douce & Beard, 1996; Montel & Vielzeuf, 1997; Patiño-Douce & Harris, 1998; Castro et al., 1999; Garc ıa-Arias et al., 2012; Fig. 16 ). Dehydration and hydration melting of crustal rocks are the two basic mechanisms for granitic magmatism at elevated temperatures (Weinberg & Hasalov a, 2015; Gao et al., 2016) . However, S-type granites are not the crystallized products of pure anatectic melts. Instead they are composed of magmatic, peritectic and residual minerals in different proportions.
We cannot interpret mafic enclave-bearing S-type granites as mixtures between felsic and mafic magmas. As argued by Stevens et al. (2007) , addition of a basaltic magma to a granitic melt in a proportion sufficient ($35%) to produce the observed MgO þ FeO T values would result in A/CNK values as low as $1Á0 (Fig. 16b) . This is inconsistent with the observation that the mafic enclaves in the Jiuling batholoth have similar A/CNK values to the host granites. The mafic mineral in the Aozicun granite is biotite (about 15-18%). Hence, the high biotite abundances must be the dominant reason for the whole-rock high MgO þ FeO T contents (Fig. 16a) . However, our modeling for the crystallization of minerals from a granitic magma discussed above suggests (Gualda et al., 2012; Gualda & Ghiorso, 2015) assuming initial water contents of 2 and 4 wt %.
that the quantity of directly crystallized biotite from the granitic magma is less than 5% (Fig. 14b and c) . Therefore, it is possible that most of the biotites in our biotite-granites are converted from peritectic garnets entrained from the anatectic source. Because most of the metasomatic biotites would be scattered in the magma, the resultant S-type granites acquire their high MgO þ FeO T contents in this way. As such, the backreaction of peritectic garnet to biotite identified in this study provides the most likely mechanism for the increase of Mg and Fe in the S-type granites. It has been shown that the MgO þ FeO T contents of natural anatectic melts are about 1Á9 wt % (Fig. 16) . Based on this, the amount of garnet or biotite entrained by a granitic magma can be calculated following the mass-balance principle. About 18% biotite is required to mix with a natural S-type granitic melt to reach a wholerock MgO þ FeO T content of 6Á9 wt % for the Aozicun Stype granites (Fig. 16) . If all these metasomatic biotites are converted from peritectic garnet, the entrained peritectic garnets must be about 15% because of the higher MgO þ FeO T contents in the garnets. Of course, we cannot ignore magmatic biotites, which are about 5% according to the thermodynamic modeling ( Fig. 14b and  c) . If we accept 5% biotite as the magmatic mineral, we still need 10% peritectic garnet. In this regard, at least 10% peritectic garnet must have been entrained into our granitic magma from the anatectic source. Most of these garnets would have reacted with the granitic melt to form the metasomatic biotite at a later stage of granitic magma evolution. This results in the high Mg and Fe contents in the Aozicun S-type granites.
The results of this study are also of great significance for understanding the fate of peritectic garnet in S-type granites. Stevens et al. (2007) noted the high MgO þ FeO T contents in S-type granites from the Cape Granite Suite in South Africa. They considered that the compositional variation in the S-type granites is primarily controlled by the proportion of peritectic garnet and ilmenite entrained in the granitic melt in view of the composition of experimental melts produced by partial melting of metasedimentary rocks. This can account for the variation of many elements (Mg, Fe, A/CNK, Mg#, Si, K, Ca, Ti and Dy þ Ho þ Er) in these S-type granites. However, the absence of peritectic garnet in the S-type granites is a vital imperfection in their model. The result of our study demonstrates that peritectic garnets cannot be the sole component that controls the MgO þ FeO T contents of S-type granites owing to their limited abundance. During the ascent of granitic melts to shallow crustal levels, most of the peritectic minerals should 'vanish' from the melt via the mechanism of dissolution The peritectic garnet aggregates entrained in the granitic melt; (b) the peritectic garnets become metastable owing to a decrease of pressure and an increase of water activity; (c) some metasomatic biotites formed at the rim of peritectic garnets and some quartz and plagioclase crystallized between the peritectic garnet grains; (d) with more water available, the garnets are nearly completely replaced by biotite. Only a small quantity of garnet debris is left in the biotite aggregates; (e) the complete replacement of garnet by biotite; (f) biotite aggregates dispersed in S-type granite. and reprecipitation or be replaced by other minerals (e.g. biotite in our study). It is the metasomatic biotite, either in mafic enclaves or scattered in the host granite, that directly contributes to the high MgO and FeO T contents of S-type granites. Therefore, the result of the present study is an important supplement to the peritectic mineral entrainment model in granite petrogenesis.The S-type granites and mafic enclaves in the Jiuling batholith were emplaced at 810-830 Ma, consistent with zircon U-Pb ages of 819 6 3 to 827 6 3 Ma for emplacement of gabbros in the ophiolite suite at Fuchuan in the Jiangnan orogen (Zhang et al., 2012 . The contemporaneous occurrence of felsic and mafic magmatic rocks is generally associated with lithospheric extension in response to thinning of the thickened orogen (e.g. Collins & Richards, 2008) . The heat source for bimodal magmatism is often considered to be provided by basaltic magmas derived from mantle melting (e.g. Huppert & Sparks, 1988; Voshage et al., 1990) . This consideration seems consistent with the mantle input to granite magmas as inferred from the radiogenic isotope signature of many granites (e.g. Keay et al., 1997; Kemp et al., 2007; Yang et al., 2007) . However, such basaltic magmas should have a juvenile composition, because only decompressional melting of the asthenospheric mantle has the capacity to deliver the high heat flow for lithospheric melting, especially for batholith-sized granitic magmatism. The subcontinental lithospheric mantle (SCLM) is cold and requires external heat flow for its partial melting . It is also known from experimental petrology that partial melting of ultramafic rocks in the mantle is not able to produce felsic melts (Wyllie, 1984; Johannes & Holtz, 1996) . In this regard, it is inappropriate to interpret the relatively depleted radiogenic isotope compositions in granites as a material contribution to granitic magmatism (Zheng et al., 2015) . Therefore, the heat for granitic magmatism may be from high internal concentrations of heatproducing elements such as U, Th and K in thickened crustal zones (e.g. Clark et al., 2011) . Alternatively, the accretionary wedge and its adjacent SCLM at convergent plate margins may be directly heated by the laterally convective asthenospheric mantle on their base as soon as the subducting oceanic slab rolls back . This process has the capacity to provide the high heat flow for partial melting of metasedimentary rocks and metasomatic mantle domains in accretionary orogens (Collins & Richards, 2008; .
CONCLUSIONS
Some biotites in the S-type granite of the Jiuling batholith are produced by back-reaction of peritectic garnet with granitic melts at a late stage of their evolution. The growth of biotite and quartz microcrystals on the garnet rims, the garnet debris near neoblastic biotite, and biotite aggregates with or without garnet are all snapshots of the back-reaction at different stages. The biotites formed by the consumption of garnet have high Mg#, low K 2 O and TiO 2 , low (La/Yb) N ratio, negative Eu anomalies and low (Gd/Yb) N ratios.
Some of the biotites in the mafic enclaves have similar major and trace element compositions to the biotites formed by the back-reaction of garnet. The enclaves have more biotite and less K-feldspar than the host granite. The enclaves and their host granite have indistinguishable whole-rock Sr-Nd-Hf-O isotope compositions, identical zircon U-Pb ages and similar zircon Hf-O isotope compositions. Mineral inclusions in the enclave biotites differ from those in the host granites; the former have more plagioclase but scarce K-feldspar. All these lines of evidence demonstrate that these biotiterich enclaves were produced by the back-reaction of peritectic garnet aggregates with the host granitic melt. Thermodynamic modeling suggests that the quantities of biotite directly crystallized from the magma are low 
